We investigated the diurnal variation of tropospheric nitrogen dioxide (NO 2 ) over a cluster of high emission thermal power plants (HETPPs) in India using two products from satellite-based UV/Visible spectrometers together with a chemistry-transport-model. The different overpass times of the satellite spectrometers: SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY (SCIAMACHY) (1030 h LT) and Ozone Monitoring Instrument (OMI) (1330 h LT)), enable detection of changes in NO 2 columns at two different times of the day, providing some insight on its diurnal variation. Observations show elevated tropospheric NO 2 columns in the afternoon compared to the morning in the vicinity of the HETPPs (~65% higher), contrary to the expected decrease due to enhanced photochemical loss of NO 2 in the afternoon and increased concentrations in the morning due to peak-hour vehicular emissions. The observed diurnal variability was simulated using a regional atmospheric composition model and the deviations in nitrogen oxide (NO), NO 2 , ozone (O 3 ) and hydroperoxy radical (HO 2 ) between 1030 h and 1330 h within the planetary boundary layer (PBL) were examined. We also examined the vertical and horizontal accumulated tendencies of NO 2 (advection) and wind profiles directly over the emission. The results show that the vertical variability of chemical loss processes, driven by a change in vertical mixing of NO 2 within the PBL and variability in advection (driven by winds) leads to a net increase in the afternoon NO 2 columns over the HETPPs, even if we assume flat emissions throughout the day. These results suggest that meteorology along with PBL evolution affects the diurnal evolution of NO 2 columnar abundance over locations with high emissions in India.
Introduction
Oxides of nitrogen (NO x ¼ NO þ NO 2 ) regulate the ozone (O 3 ) budget as well as the abundance of hydroxyl radicals (OH), and therefore play a key role in atmospheric chemistry. The lifetime of NO x is on the order of hours to days and depends on several factors such as the season, location, photolysis rate, aerosol uptake, and the abundance of OH radicals (Lamsal et al., 2010) . The short lifetime and inhomogeneous distribution of sources lead to spatio-temporal variations and strong vertical gradients in the NO 2 concentrations within the troposphere.
The availability of satellite retrievals of tropospheric column NO 2 from platforms such as GOME (Global Ozone Monitoring Experiment), SCIAMACHY (Scanning Imaging Absorption spectroMeter for Atmospheric CHartograpY), and OMI (Ozone Monitoring Instrument) have provided significant information about NO x sources across the globe (Vander A et al., 2008; Ghude et al., 2009 , 2013a , Zorner et al., 2016 . Integration of modeling tools and NO 2 retrievals from these satellite observations have been used to estimate surface emissions globally (Martin et al., 2003; Lamsal et al., 2010) and regionally (Zhao and Wang, 2009; Ghude et al., 2013 (a, b) ). Most of the earlier studies on tropospheric NO 2 columns focused on investigating long-term trends, model evaluation (Kim et al., 2009; Jena et al., 2015; Surendran et al., 2015; Mahajan et al., 2015) and lightning NO x quantification (Vander A et al., 2008) . Few studies further used these measurements to estimate the lifetime of NO x (Beirle et al., 2011; Jena et al., 2014) and the variation of OH in urban emission plumes (Valin et al., 2013) . Because of the different local overpass times of SCIAMACHY (1030 h LT) and OMI (1330 h LT), inter-comparisons of NO 2 measurements from these instruments facilitate an opportunity to test our understanding of its diurnal variability (Boersma et al., 2009; Ghude et al., 2013a) . However, hitherto little attention has been paid to understand how the diurnal evolution of chemistry, transport and vertical mixing in the planetary boundary layer (PBL) alters the column amount over high NO x emission sources over India using these satellite observations.
Recent studies have demonstrated that SCIAMACHY NO 2 tropospheric columns are usually larger than OMI over big urban centers and high emission point sources in the Middle East (Boersma et al., 2009 ), U. S.A. , and some places in India (Ghude et al., 2013a) ; consistent with our understanding of increased chemical loss of NO 2 in the afternoon and increased levels in morning hours due to peak-hour vehicular emissions (Boersma et al., 2009; Sharma et al., 2010) . However, over high capacity coal fired thermal power plants in the Southeast U.S. Kim et al., 2009 ) and northeast India (Ghude et al., 2013a) , OMI observes larger NO 2 tropospheric columns compared to SCIAMACHY. Boersma et al. (2008) and Kim et al. (2009) noted that this unexpected diurnal variation over a thermal power plant in the Southeast U.S. is due to higher NO x emissions in the afternoon. However, because of more demand than supply for electricity in India, all the power plants run on full capacity throughout the day (further details in the results section). This means that coal fired thermal power plants in India do not have a diurnal cycle in productivity and emissions, and it is, therefore, anticipated that the OMI tropospheric NO 2 column densities should be lower than those retrieved by SCIA-MACHY due to increased chemical loss later in the day.
Here, we study reasons behind the changes in tropospheric columnar NO 2 for two different overpass times of the day over a cluster of high emission thermal power plants in the northeastern part of India. This cluster is an example of point sources exhibiting higher tropospheric NO 2 columns in the afternoon compared to the morning. In addition to using the satellite retrievals, we make use of the chemical transport model Weather Research and Forecasting Model Coupled with Chemistry (WRF-Chem) to simulate the observed diurnal variability over the study location while keeping the power plant emissions constant throughout the day. Using the model we test whether the daytime mixing and vertical variation of NO 2 loss/production processes within the boundary layer can play a dominant role in driving the elevated tropospheric NO 2 columns in the afternoons as compared to the mornings.
Methods
We use satellite retrievals in combination with model simulations to elucidate the reasons behind the unexpected diurnal variation observed by the satellites.
Study location
To illustrate the contrasting diurnal variation in tropospheric columnar NO 2 , we chose two different NO x emission point sources in India. One is a cluster of high emission thermal power plants (HETPPs) and the other is a single low emission thermal power plant (LETPP) (Fig. 1a ). The HETPPs area has a cluster of six individual coal fired thermal power plants, which are: 'Singrauli (2000 MW)', 'Obra (1180 MW)', 'Rihand (3000 MW)', 'Vindhyachal (4760 MW)', 'Sasan (3960 MW)' and 'Anpara (2630 MW). The collective capacity of these power plants amounts to 17530 MW and as a result it is the highest NO x emission 'point' source in India (Ghude et al., 2008) . The LETPP corresponds to a single lower capacity thermal power plant (Bellary Thermal Power Station 15.19 � N, 76.71 � E, 1000 MW). A detailed map showing the locations of the HETPPs and the isolated LETPP is given in Fig. S1 . In a recent study, Ghude et al. (2013b) had estimated NO x emissions by using an optimized top-down inventory approach using the OMI tropospheric NO 2 observations and the WRF-Chem simulations for India. From this inventory, the total NO x emissions from the HETPPs and LETPP locations is estimated as 9.81 � 10 12 molecules cm À 2 s À 1 and 2.16 � 10 10 molecules cm À 2 s À 1 , respectively. The corresponding spatial distribution of simulated surface NO concentration, averaged for December-January, is shown in Fig. 1b for the year 2010. The reason to select this time period is because the largest difference in the two satellite products is observed in December-January. Simulated surface NO mixing ratio at the HETPPs is ~106.6 parts per billion by volume (NO x ¼ 155.5 ppbv), which is the highest for any point source in India. In contrast, at the LETPP, the simulated NO is found to be about 2.2 ppbv (NO x ¼ 16.9 ppbv). The emission flux at the HETPP location is larger by about two orders of magnitude, resulting in a NO x mixing ratio about 10 times higher. 
Satellite retrievals of tropospheric NO 2 column
We used SCIAMACHY and OMI retrieved NO 2 tropospheric columns for the period of 2005-2011 (Data Source: http://www.temis.nl, Version 2.0). Both the satellite instruments are in a sun-synchronous orbit and pass over India at 1030 h and 1330 h LT, respectively. There is no major difference between the wavelengths used for the NO 2 column retrievals and also no major difference between the methods used for fitting the measured and modeled reflectance . A common algorithm for SCIAMACHY and OMI gives consistent tropospheric NO 2 retrievals, which minimizes systematic differences between the retrievals and the difference in the column is expected to be mostly due to the different overpass times . There are small differences between SCIAMACHY and OMI outside of the major source areas (tropospheric NO 2 columns <5.0 � 10 15 molecules cm À 2 ), and these are generally within the measurement uncertainties of both instruments (1.0-2.0 � 10 15 molecules cm À 2 ) . Indeed, Boersma et al. (2008 Boersma et al. ( , 2009 ) concluded that the differences between the two satellites is not due to retrieval errors, however, it should be noted that the small differences would contribute to the absolute comparison shown here. The satellite sensitivity to NO 2 in the troposphere depends on the vertical distribution of NO 2 . NO 2 at higher altitudes are easily detected than the NO 2 at lower altitudes. When NO 2 is close to the surface the sensitivity of satellite is low. But validation efforts for various retrievals show acceptable accuracy (Heland et al., 2002; Martin et al., 2004 Martin et al., , 2006 Petritoli et al., 2005; Ordonez et al., 2006; Schaub et al., 2006) for GOME and SCIAMACHY NO 2. As such, the two satellite products facilitate studying the diurnal variability in NO 2 from space . The ground pixel resolution of OMI is variable (24-13 km 2 and 24-120 km 2 ) and depends on the location within the swath. The resolution of SCIAMACHY is approximately 30 km (northsouth) by 60 km (east -west). The averaging kernels for SCIA-MACHY and OMI are also similar. Cloud parameters are retrieved with different algorithms for SCIAMACHY and OMI; with OMI, on average, showing higher cloud-top pressure by about 60 hPa . For NO 2 , as retrievals with cloud fractions less than 20% are used, the differences between the satellites are estimated to be small . Therefore, the ratio between SCIAMACHY (1030 h LT) and OMI (1330 h LT) tropospheric NO 2 retrievals can be assumed to be mainly affected by the local overpass time (Boersma et al., , 2009 , and the ratio provides information on the variation in NO x at a diurnal scale. Tropospheric NO 2 retrievals and their uncertainties are discussed in more detail by Boersma et al. (2008 Boersma et al. ( , 2011 .
Model configuration
Here we use WRF-Chem (version 3.2.2) at a horizontal resolution of 0.5 o x 0.5 � and 30 vertical levels from surface up to 10 hPa, covering the Indian region (5-38 o N -67-98 o E). The model uses Noah Land Surface Model (Chen et al., 2011) , Bougeault and Lacarrere Planetary Boundary Layer (PBL) scheme (Bougeault and Lacarrere, 1989) , RRTM long wave radiation scheme (Mlawer et al., 1997) and Goddard short wave scheme (Chou and Suarez, 1994) . The model simulates tropospheric columns of NO, NO 2, HO 2 , O 3 and many other trace species over the winter months (December and January) for the year 2010. The National Centers for Environmental Prediction Final Analysis (NCEP-FNL) reanalysis fields, as provided by the National Center for Atmospheric Research (NCAR) (http://rad.ucar.edu/datasets/), have been used to drive the model meteorology. Chemical initial and boundary conditions are based on 6-hourly outputs from the NCAR global Model for OZone and Related chemical Tracers (MOZART)-4 model. The model is setup with the MOZCART chemical mechanism (MOZART-4 gas phase chemical mechanism (Emmons et al., 2010) ) and is linked to the aerosol scheme Goddard Chemistry Aerosol Radiation and Transport (GOCART) (Ginoux et al., 2001) . Anthropogenic emissions of carbon monoxide (CO), sulfur dioxide (SO 2 ), particulate matter (PM 10 , PM 2.5 ), black carbon (BC), organic carbon (OC) and non-methane volatile organic compounds (NMVOC) are based on the Intercontinental Chemical Transport Experiment-Phase B (INTEX-B) emission inventory (Zhang et al., 2009 ) at a 0.5 � spatial resolution. The NO x emissions used are from a top-down inventory developed by Ghude et al. (2013b) . Model of Emissions of Gases and Aerosols from Nature (MEGAN) was used to calculate online emissions of biogenic trace species (Gunther et al., 2006) . Emissions of trace gas species from biomass burning are provided to the model using the Fire INventory from NCAR (FINNv1) (Wiedinmyer et al., 2011) . A more detailed description of the model set-up can be found in Jena et al. (2015) . Fig. 1a shows the OMI tropospheric columnar NO 2 climatology (2005) (2006) (2007) (2008) (2009) (2010) (2011) over India for the winter (December-January) season. Larger NO 2 columns are observed over the selected HETPP sites and over the many other point sources across India. These elevated columns correlate well with the modeled NO hotspots and the locations of thermal power plants and cities in India ( Fig. 1b-c) . A detailed examination of emission hot-spots in this region has been done in the past (Ghude et al., 2008 (Ghude et al., , 2013a . The largest tropospheric column abundance of NO 2 over India is observed over the selected HETPP sites. The averaged tropospheric column NO 2 over this area is 1.6 � 10 16 molecules cm À 2 during this period. Fig. 2a shows the winter time climatology (2005) (2006) (2007) (2008) (2009) (2010) (2011) of the absolute difference between the SCIAMACHY and OMI tropospheric NO 2 columns over the HETPPs location on a 0.25 � � 0.25 � grid. At most locations in India, the tropospheric NO 2 concentrations peak during the morning (Sharma et al., 2010) and reach a minimum typically in the late afternoon due to photochemical loss processes. The overpass time for OMI is approximately 3 h later than SCIAMACHY. Hence, by the time OMI measures over the same location, a significant portion of NO 2 is removed from the atmosphere by photochemical loss processes, mainly due to photolysis of NO 2 to form NO and also due to gas phase reactions with OH to form HNO 3 and NMVOCs to form peroxy acetyl nitrate. However, observations show that over the HETPP sites, OMI shows larger tropospheric NO 2 columns than SCIAMACHY (red regions in Fig. 2a ). Boersma et al. (2008) and Kim et al. (2009) have similarly studied the diurnal variation of tropospheric NO 2 over coal fired power plants in the USA. They also saw a similar increase and attributed the larger OMI tropospheric NO 2 columns to an increase in the emissions of NO x in the afternoon hours. However, most thermal power plants in India do not have such a diurnal cycle in emissions, and their emissions are constant throughout the day due to the plants working at maximum capacity throughout. Fig. 3 shows the mean hourly profile of the total power generation (http://www.upsldc.org/real-time-data) from power plants situated in the HETPP cluster. Fig. 3 corroborates that the power generation does not vary with the time of the day, and as power generation can be used as a proxy for emissions, this suggests that the emissions remain nearly constant throughout the day. It should be noted that the emission rates are not available from the power plants; however, there is no reason to believe that the emission rates show a diurnal profile considering that the power generation does not show any variation. Therefore, OMI observed NO 2 columns are expected to be smaller than the SCIAMACHY tropospheric columns assuming an increased photo-chemical loss in the afternoon, which is, however, not the case, as shown in Fig. 2a .
Results and discussion

Satellite observations
WRF-Chem model simulations
Comparison of observations and simulations
In order to investigate the reasons behind increase in afternoon tropospheric column NO 2 over the HETPP, we first check whether chemical transport model simulations are able to reproduce the observed diurnal changes with constant emissions throughout the day, as suggested by the power generation data. We also investigated the diurnal variability in the NO 2 tropospheric columns over a downwind (DW) region (defined as a location ~100 km downwind of the HETPPs marked as thick black arrow in Fig. 2. Fig. 2b shows the difference between the simulated NO 2 tropospheric column over the study location sampled at 1030 h and 1330 h, corresponding to the SCIAMACHY and OMI overpass times. It should be noted that the model simulations are for 0.5 � � 0.5 � horizontal resolution, while the satellite retrievals are over a spatial grid of 0.25 � � 0.25 � . It can be seen from Fig. 2a -b that the model does a good job at simulating the observed increase in the afternoon for NO 2 over the HETPPs location. Downwind areas show some inconsistencies between the modeled and observed data, however, there are similarities in the spatial distribution of the changes in both the satellite retrieved and model simulated tropospheric column NO 2 difference amounts downwind of the power plants. The difference between the simulated NO 2 tropospheric column sampled at two different times of the day are larger over location HETPP (location 'A') as compared to the satellite retrievals, which is most likely due to the coarser (0.5 � ) horizontal resolution of the emission inventory in the model simulation as compared to the satellite retrievals (0.25 � ) (Fig. S2 ). It can further be seen that the differences derived from the satellite retrievals at location 'B' and 'C' is smaller in magnitude compared to the model. Nevertheless, both observations and simulations show increase in the afternoon tropospheric column NO 2 over both the locations. The emissions ( Fig. S2 ) and simulated surface NO 2 concentration (Fig. 1b ) over the locations 'B' and 'C' are larger in magnitude (larger than 4 x 10 11 NO molecules/cm 2 /s) and spread over the grid box of 0.5 � x0.5 � . Therefore, the discrepancy in magnitude of increase in the afternoon tropospheric column NO 2 between observations and model may be attributed to NO X emissions from the individual power plants over these locations which are not represented as point sources in the model but are spread over the grid box.
In order to investigate the impact of coarse model resolution on our results, we have performed two additional sensitivity simulations at 18 km grid spacing. The first simulation experiment was performed with the high-resolution (0.1 � ) HTAP-v2 emission inventory (Janssens-Maenhout et al., 2015) . A larger mean difference of simulated tropospheric column NO 2 sampled at 1030 h and 1330 h can be seen as compared to the observation over the HE-TPPs (Fig. S3a) , especially in several locations downwind of the HETTPs, while the overall pattern is consistent with the satellite observations. This inconsistency in the downwind region can be attributed to the large number of spatially distributed emission hotspots which might have been overestimated in the HTAP-v2 (compared to the top-down emission inventory) inventory over the study region . A second simulation was also done, in which all emission sources in the north-eastern region of India were replaced with a rural background emission, while emission sources corresponding to the HETPPs were kept same as are in the HTAP-v2 inventory. The mean difference of simulated tropospheric column NO 2 sampled at 1030 h and 1330 h were still consistent with the satellite observations over the HETPPs and also over the downwind region (Fig. S3b ). This suggests that the larger OMI tropospheric column NO 2 amount over the HETPPs cannot be attributed to retrieval artifacts or model resolution, and is likely driven by physical and chemical processes.
Role of chemical process
Considering that the model also observes a similar diurnal trend over the HETPPs site, the lower NO 2 columns during the morning cannot be attributed to retrieval artifacts or changing emissions and are likely driven by physical and chemical processes. We investigate the effect of daytime vertical mixing and NO x reactive chemistry using the hourly modeled concentrations of NO 2 , NO, O 3 and HO 2 at different heights in the PBL, the vertical wind profiles and the calculated vertical and horizontal accumulated tendencies of NO 2 (for advection/transport) over the HETPPs and DW region. Figs. 4a, 5a and 6a illustrate the diurnal variation of tropospheric NO 2 columns (black) simulated by the model, the NO 2 mixing ratios at different vertical levels (blue) and the vertical column averaged (red) NO 2 concentration for the HETPPs, LETPP and (2005) (2006) (2007) (2008) (2009) (2010) (2011) of the difference between the SCIAMACHY and OMI tropospheric NO 2 columns ( � 10 13 molecules cm À 2 , horizontal resolution of 0.5 � � 0.5 � ), (b) difference between the simulated mean tropospheric NO 2 columns at 1030 h and 1330 h for winter 2010 (horizontal resolution of 0.5 � � 0.5 � ) overlaid with the mean surface winds (arrow indicates the wind direction)) Black arrow (DW) indicates the downwind region. (A, B and C are point emission sources). DW locations, respectively. Similarly, diurnal variation of simulated O 3 mixing ratio at different vertical levels is shown in Fig. S4a -c. It can be seen that HETPPs, LETPP and DW locations show different diurnal variations, with the HETPPs location displaying higher NO 2 during the afternoon and the latter two displaying higher NO 2 during the morning (Figs. 4a, 5a and (Figs. 4b, 5b and 6b) . The large NO/NO 2 ratio during morning hours is due to the dominance of high NO emissions over HETPPs. Further, insufficient vertical mixing and a capped shallow boundary layer (less than 300 m) further elevate the NO concentration over HTEPPs. The emitted NO from the power plants gets in contact with the background O 3 and HO 2 leading to formation of NO 2 through reaction (NO þ O 3 → NO 2 and NO þ HO 2 →NO 2 ) in the capped boundary layer. This happens only at the HETPPs because not all the NO is titrated to NO 2 as the emissions are high and hence the formation of NO 2 is limited by O 3 and HO 2 . However, at the LETPP and the DW locations, the NO emissions are lower and most of the NO is titrated into NO 2 , which is why the NO, NO 2 and the NO/NO 2 ratio is low over the LETPP and DW locations. Lower NO 2 mixing ratios over the LETPP and DW locations during the afternoon hours are consistent with a stronger photochemical loss of NO 2 and vertical mixing.
The vertical profiles of the simulated NO 2 mixing ratios at 1030 h (black) and 1330 h (red) averaged over December-January for the HETPPs, LETPP and DW locations are shown in Figs. 4c, 5c and 6c , respectively. The modeled mixing ratios of NO 2 at the surface are higher at 1030 h compared to 1330 h at the HETPPs location (~47 ppbv). Although the magnitude is much smaller, the NO 2 mixing ratios at the surface are higher in the morning over the LETPP (~12 ppbv) and DW (~6 ppbv) locations too. The elevated NO 2 mixing ratios are seen within the lowest 600 m over the HETPPs location at 1030h, with a sharp decrease with altitude. This is because of insufficient vertical mixing and a capped shallow boundary layer. Fig. 7 shows that as the day progresses, NO x emissions get mixed upwards due to an increase in PBL height from about 100 to 300 m at night to a maximum of about 2200 m at midday. When the boundary layer is fully developed, the integrated NO 2 mixing ratios within the boundary layer are much higher (by about 65%) at 1330 h compared to 1030 h. This is most likely due to more production of NO 2 from NO in the afternoon hours through reactions 1 and 2. The averaged NO 2 concentration over LETPP and DW location is lower by about 58% at 1330 h as compared to 1030 h (Figs. 5c-6c ). As the PBL deepens with time, the emitted NO from the power plants gets in contact with the background O 3 and HO 2 leading to formation of extra NO 2 in the afternoon. This happens only at the HETPPs because not all the NO is titrated to NO 2 with the emissions are high and hence the formation of NO 2 is limited by O 3 and HO 2 . However, at the LETPP and the DW locations, this is not the case and most of the NO has already been titrated into NO 2 , which is why the concentrations of NO 2 are fairly independent of the PBL evolution. Fig. 4c shows that over the HETPPs, the NO 2 mixing ratios below 600 m fall by about 10 ppbv at 1330 h as compared to 1030 h. However, Fig. 4. (a) Diurnal variation of the mean NO 2 mixing ratios (in red) within the boundary layer overlaid with the diurnal variation of NO 2 at different heights (blue), the NO 2 tropospheric column (black, x10 16 molecules cm À 2 ) and Planetary Boundary ( the mixing ratios show an increase by about a factor of four between 600 m and the top of the PBL. Unlike HETPPs, the LETPP and DW locations do not show a significant increase in NO 2 mixing ratios above 600 m (Figs. 5c-6c ). The vertical profile of the NO/NO 2 ratio at 1030 h over the HETPPs location shows a rapid decline from the surface (~2.8) to 2400 m (about 0.5); whereas at 1330 h, the NO/NO 2 ratio is almost uniform throughout the PBL. Above 600 m, the NO/NO 2 ratio at 1330 h is slightly larger than the ratio at 1030 h (Fig. 4d ). This change in the vertical profile of the NO/NO 2 ratio implies an extra formation of NO 2 in the afternoon compared to the morning hours over the HETPPs location, although not at the surface. On the other hand, the vertical profile of the NO/NO 2 ratio over LETPP and DW shows a uniform distribution throughout the PBL (Fig. 5d ). The differences in the vertical profiles in the NO 2 mixing ratios and the NO/NO 2 ratio imply that different photochemical processes are at play within the well-mixed PBL and that OMI and SCIAMACHY retrievals are sensitive to these processes. Fig. 8a-c show the vertical profiles of NO, O 3 and HO 2 mixing ratios at 1030 h (black) and 1330 h (red) over the HETPPs location. Similarly, Fig. 9a-c show the vertical variability of NO, O 3 and HO 2 over the LETPP. It can be seen that the NO mixing ratios below 600 m are much higher at 1030 h (~130 ppbv at the surface) because of the shallow PBL and a constant supply of fresh NO emissions from the power plants. This leads to elevated NO 2 mixing ratios below 600 m (Fig. 4c ) through the conversion of NO to NO 2 due to titration by O 3 and HO 2 (reactions 1 & 2). This is demonstrated in Fig. 8b where low O 3 mixing ratios are seen below 600 m. On the other hand, low NO mixing ratios (<5 ppbv) are observed above 600 m at 1030 h, which in turn lead to lower NO 2 mixing ratios (Fig. 4c ). This can also seen from the lack of O 3 loss above 600 m (Fig. 8b) . However, at 1330 h, the PBL deepens leading to an increase in the vertical mixing of NO (about 2.5 times increase above 600 m), which results in a larger yield of NO 2 and a net chemical loss of O 3 (about 16%) above 600 m through reaction (1). Below 600 m, enhanced O 3 production through catalytic cycles involving NO x and hydrocarbons can also be seen at 1030 h in Fig. 8b . Daytime production of HO 2 radicals also enhances the production of NO 2 through its own titration reaction (reaction 2). This is evident by complete depletion of HO 2 at the lower altitudes due to scavenging by large NO emissions.
In contrast, lower mixing ratios of NO at 1330 h lead to a net photo chemical production of O 3 at all levels within the PBL over the LETPP location (Fig. 9b ). This is also evident by a significant increase in the HO 2 concentration throughout the vertical profile at 1330 h (Fig. 9c ). Based on these results, we can conclude that the larger emission flux of NO x over the HETPPs and the subsequent strong vertical mixing during the daytime, followed by titration of NO appears to contribute to different photo-chemical processes taking place within the PBL. This eventually leads to a net increase in the tropospheric column NO 2 in the afternoon, which is not seen over locations with lower NO x emissions such as the LETPP or DW locations.
Role of winds and advection
The evolution of vertical mixing of NO 2 for different times over the HETPPs location is shown in Fig. 7 , starting from sunrise until midnight. It can be seen that during the nighttime and early morning (panels a & f), vertical mixing is largely inhibited. This can be attributed to a strong surface temperature inversion (about 5-6 K) that exists during the nighttime over the study location (Fig. S5) . This inversion over the HETPPs location prevents the vertical transport of NO emissions. Windspeed profiles (Fig. 10a-b ) indicate that the mean wind speed increases from 1.5 m s À 1 at 100 m-2.5 m s À 1 at 1800 m (with little diurnal variation within the boundary layer). The wind-direction ( Fig. 10c ) at different heights suggests that easterly wind is prevalent in the boundary layer and does not show any oscillating pattern reversing between 1000 h and 1300 h over the HETPPs location. Fig. 10b shows a weak low level jet between late afternoon (1600 h) and early night hours (0000 h), at around 300 m (red color). However, from midnight until afternoon hours, wind speed is comparatively low (blue color). It is therefore likely that emissions are lofted into a low-level jet and transported downwind of the source region during late afternoon (1600 h) and early night hours (0000 h). Through the morning and early afternoon hours, emissions are not advected far from the source, thus additionally enhancing the NO 2 column directly over the source. The downwind NO 2 enhancement is diminished by midday due to photochemical loss.
It is apparent from Fig. 6a that the simulated tropospheric column NO 2 and NO 2 mixing ratios at different vertical levels over the DW area are an order of magnitude less than that over the HETPPs location suggesting that transport is the main source of NO 2 observed over the DW area. Fig. 11a and b illustrate the hourly accumulation tendencies of NO 2 due to horizontal advection over the HETPP and DW area, respectively. Positive values of tendencies reflect net accumulation due to horizontal advection over a region, while negative values reflect net transport from the region. Positive tendencies at all the vertical levels in Fig. 11b indicate net accumulation of NO 2 due to horizontal advection in the DW area. Accumulation of NO 2 is particularly large below 300 m during late afternoon and early morning hours, which is consistent with the elevated NO 2 concentration seen during the same hours over the DW area ( Fig. 6a ). On the contrary, negative tendencies at all the vertical levels in Fig. 11a indicate net transport of NO 2 from the HETPPs location. More importantly, net transport of NO 2 during late afternoon and early morning is stronger in the layer below 300 m, while it is less during morning until midday. It should be noted that the amount of NO 2 transported from the HETPPs is marginal (about 2-3 ppb/h) compared to the amount of NO 2 observed over HETPPs in the afternoon, which is an order of magnitude more than that of transported. While the magnitude of net advection of NO 2 over DW is significantly less during midday, there is no appreciable change in wind speed and wind direction (Fig. 10 ). This indicates that the regional night-time/early morning tropospheric NO 2 columns are large but widespread as a result of net surface transport (from low level jet) from the HETPPs (net accumulation over DW region). The smaller tropospheric column NO 2 downwind of emission sources during midday is due to enhanced photochemical loss through gas phase reactions (discussed in section 3.1).
Conclusions
We studied the diurnal variation in tropospheric NO 2 columns over a cluster of high emission thermal power plants (HETPPs) in the north east of India and another location with lower emissions, using two satellite products and a chemical transport model. The different overpass times of the satellites enable assessment of any diurnal changes (SCIAMACHY (1030 h LT) and OMI (1330 h LT)). As expected, OMI tropospheric NO 2 columns are smaller than those of SCIAMACHY over regions with lower emissions. However, we found that OMI NO 2 tropospheric columns are larger than SCIAMACHY over HETPPs and the tropospheric column continues to grow during afternoon despite the dilution effect and midday photochemical loss process. We found that the chemistry transport model WRF-Chem could simulate the observed diurnal variability over HETPPs, however none of the model simulations matched exactly the OMI/SCIAMACHY difference. We examined the wind patterns, vertical and horizontal advection, and vertical deviations in NO, NO 2, O 3, HO 2 chemical losses between 1030 h and 1330 h within the PBL. The simulations suggest that strong vertical mixing of NO during the daytime, followed by titration of NO by HO 2 and O 3 is predominantly responsible for the net increase in NO 2 column in the afternoon over HETPPs. It is also apparent that emissions are lofted and transported downwind of source region during late afternoon (1600 h) and early night hours (0000 h). Through the morning and early afternoon, emissions are not advected far from the HETPPs, contributing to the enhanced NO 2 columns directly over the sources. This indicates that the enhanced tropospheric column NO 2 over HETPPs during midday is driven by meteorology in addition to chemical process. It should be noted that there may be unaccounted SCIAMACHY/OMI biases . However, observed NO 2 column variations over large point sources are consistent with model simulations. Although Boersma et al. (2008) and Kim et al. (2009) attributed this distinct increase in NO 2 columns between 1030 h and 1330 h to an increase in the NO x emissions in the afternoon over the USA, we suggest that variability of chemical loss process within the mixed layer, driven by a change in the boundary layer height, could be the main cause for the net increase in afternoon NO 2 column over high emission point sources with little diurnal variability in emissions in India. We conclude that NO 2 column retrievals from SCIAMACHY and OMI satellites can facilitate valuable validation of chemical process in the PBL at a finer spatial scale.
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